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We present data on student performance on conceptual understanding and on quantitative 
problem-solving ability in introductory mechanics in both studio and traditional classroom modes. 
The conceptual measures used were the Force Concept Inventory and the Force and Motion 
Conceptual Evaluation. Quantitative problem-solving ability was measured with standard questions 
on the ﬁnal exam. Our data compare three different quarters over the course of 2 years. In all three 
quarters, the normalized learning gain in conceptual understanding was signiﬁcantly larger for 
students in the studio sections. At the same time, students in the studio sections performed the same 
or slightly worse on quantitative ﬁnal exam problems.  .  
I. INTRODUCTION 
Recent research into physics education has looked at both 
what students learn and how they learn it.1 Although much 
work has examined student conceptual understanding, the 
connection between conceptual understanding and problem-
solving skills has not been as well studied.2,3 Active-learning 
instructional strategies can promote conceptual understand­
ing, as measured by the Force Concept Inventory4 �FCI� and 
the Force and Motion Conceptual Evaluation5 �FMCE�. But 
what happens to problem-solving skills as conceptual under­
standing is increasingly emphasized? Are we sacriﬁcing 
problem-solving skill development to make gains in concep­
tual understanding? 
In many cases, active-learning modes are adopted by an 
entire course so that there is no longer a comparison group 
using traditional instruction. At California Polytechnic State 
University �Cal Poly�, we teach many simultaneous sections 
of the same course and are able to employ both active-
learning and traditional teaching modes during the same 
term. Therefore, we are able to compare our active-learning 
sections directly to traditional sections with regard to con­
ceptual learning and problem-solving ability. 
In this paper we will present the results from comparisons 
done over three separate quarters in the ﬁrst-quarter course 
of a yearlong, introductory calculus-based physics sequence. 
We will begin by describing the student populations and the 
active-learning course we have developed at Cal Poly. Then 
we will discuss the tools we use to compare the two instruc­
tional modes, present the results, and draw some conclu­
sions. 
II. THE STUDENTS AND THE COURSES 
A. Student characteristics 
The students taking introductory calculus-based physics at 
Cal Poly are predominately engineering students, but a small subset are science and mathematics students. Students are 
given no information about the distinction between studio 
and traditional modes of instruction at registration. Most stu­
dents enroll in either a studio or a traditional section based 
on schedule preferences, section availability, and scheduling 
priority. The student populations are not preselected in any 
fashion. 
We have examined the composition of the student groups 
in terms of their academic background. Table I shows high 
school grade-point averages and SAT scores for the students 
involved in the present study. It is clear from Table I that 
there are no statistically signiﬁcant differences between the 
studio and traditional student populations. The male/female 
ratio also was almost identical in all groups. 
B. Studio course 
The Cal Poly studio classroom opened in the winter quar­
ter of 1998. The primary goals of this environment are to 
eliminate the boundary between lecture and laboratory and to 
promote active-learning instruction. The physical layout is 
based loosely on the Rensselaer model.6 The studio class­
room can accommodate 48 students, but the class size has 
usually been held to about 40. There is a computer for each 
pair of students, although space limitations require students 
to work in groups of four on some of the experiments. The 
computers are used for classroom activities which include 
RealTime Physics experiments,7,8 Interactive Lecture 
Demonstrations,9 some VideoPoint10 analyses of motion 
movies, and similar activities that we have developed at Cal 
Poly. These activities are all grounded in physics education 
research and designed to promote conceptual understanding 
and the laboratory skills necessary to reach conclusions 
based on experimental data. The computers are not used for 
simulations or spreadsheets. 
The studio classes have minimal lecture. Classes meet in 
two-hour blocks three times a week for a total of six hours. 
  
 
 
 
 
 
Table I. High school grade point averages, SAT-Math scores, and SAT-
Verbal scores for students in each of the three quarters. The numbers in 
parentheses in the ﬁrst column are the number of students in each group. 
The uncertainties are the standard deviation of the mean �standard error�. 
None of the differences are statistically signiﬁcant. 
H.S. GPA SAT-Math SAT-Verbal 
Fall 1998 
Traditional �105� 3.73 (�0.05) 635 (�7) 580 (�7) 
Studio �120� 3.76 (�0.04) 634 (�7) 569 (�7) 
Winter 1999 
Traditional �39� 3.86 (�0.05) 663 (�10) 565 (�12) 
Studio �147� 3.77 (�0.03) 648 (�6) 581 (�6) 
Spring 2000 
Traditional �103� 3.73 (�0.03) 628 (�7) 563 (�8) 
Studio �71� 3.72 (�0.05) 636 (�9) 581 (�10) 
Class time is primarily divided between computer-based ac­
tivities including experiments making use of computer-based 
data collection and small-group work. The group work con­
sists of guided discussion, pencil-and-paper exercises, and 
practice problem solving. Problem solving is typically done 
in groups of two to four students and uses a structured ap­
proach �Van Heuvelen-type worksheets�,11 but not formal 
collaborative groups.12 Individual instructors are free to mix 
and match the various components as they see ﬁt. Instructor-
focused activities are limited to summaries and some ex­
ample problem solving. One or two undergraduate assistants 
are available to interact with the students. The assistants re­
ceive some training with the RealTime Physics labs, but their 
ability to recognize and respond to student misconceptions is 
minimal. 
The studio course uses the textbook Physics: A Contem­
porary Perspective by Knight,13 a research-based textbook 
designed to support an active learning environment. Because 
there is comparatively little lecture, students must acquire 
basic information through reading the textbook. This reading 
is strongly encouraged by almost daily collection of exer­
cises from the student workbook that accompanies the text.14 
C. Traditional course 
The traditional classes have a clear distinction between 
lecture and laboratory. Classes of 35 to 40 students also meet 
six hours per week for three hours of formal lecture and one 
three-hour recitation/laboratory. The recitation/laboratory in­
structor is usually not the same as the lecture instructor. The 
weekly recitation/laboratory session is loosely broken up into 
two parts. A recitation �about 45 minutes� for problem solv­
ing and homework discussion begins the period. The remain­
der of the three hours is a standard measurement-oriented 
experiment using a locally written lab manual. 
The textbook for the traditional sections was in ﬂux 
throughout this period, and a different text was used during 
each of the quarters discussed here. Physics by Resnick, Hal­
liday, and Krane15 was used in Fall 1998; Fundamentals of 
Physics by Halliday, Resnick, and Walker16 in Winter 1999; 
and University Physics by Benson17 in Spring 2000. 
The prerequisite for both the studio and the traditional 
course is one quarter of calculus. Both cover the same topics: 
kinematics, Newton’s laws, conservation laws, and an intro­
duction to rotational kinematics and dynamics. The studio  
 
sections spend approximately 10% more time on kinematics 
and Newton’s laws, and somewhat less time on rotational 
motion. 
III. COMPARISON TOOLS 
A. Measures of conceptual understanding 
Conceptual understanding was measured with either the 
Force Concept Inventory �Fall 1998� or the Force and Mo­
tion Conceptual Evaluation �Winter 1999 and Spring 2000�. 
We will not attempt to evaluate how well these tests measure 
conceptual knowledge or discuss any differences between 
the two.18 We note that the questions require conceptual 
knowledge in order to answer them correctly and are the type 
that we hope students would be able to answer correctly with 
one quarter of instruction; the tests give similar results. We 
will report both preinstruction and postinstruction results as 
well as the normalized gain. 
The normalized gain �g� is the ratio of the actual gain to 
the maximum possible gain, �g��(post-pre)/(100-pre). 
This measure accounts for differences in the initial starting 
knowledge of students so that different classes can be com­
pared directly. In his 6000 student survey of the Force Con­
cept Inventory, Hake19 found that traditional-instruction 
classes had normalized gains in the range 0.19–0.27 and that 
interactive engagement classes had normalized gains in the 
range 0.34 –0.62. For the Force and Motion Conceptual 
Evaluation, traditional-instruction classes had gains in the 
range 0.11–0.21, and classes using the RealTime Physics 
materials had gains in the range 0.38–0.66.20 
B. Measures of problem-solving ability 
Quantitative problem-solving ability was measured with 
four or ﬁve common problems on the ﬁnal exams of both 
studio and traditional sections. Most problems required two 
or more pieces of content knowledge, such as both Newton’s 
laws and kinematics or both energy and momentum conser­
vation. None required the graphical interpretation skills or 
conceptual knowledge that is emphasized in the studio sec­
tions but not in the traditional sections. All would be consid­
ered standard problems that we hope students would be able 
to solve at the end of one quarter of physics. Representative 
problems from two different quarters are shown in Fig. 1. 
In Fall 1998, the exam problems were written by instruc­
tors who were not associated with the studio and who were 
not teaching the course that quarter. In other quarters, the 
exam problems were written jointly by the studio and tradi­
tional instructors. Each ﬁnal exam paper was identiﬁed by a 
code number, not by student name or section. The exams 
from all of the sections were shufﬂed together to randomize 
them, then each exam problem for all students was graded by 
a single instructor. 
IV. RESULTS 
For each of the comparison quarters, Table II shows the 
preinstruction score, postinstruction score, and normalized 
gain for the relevant conceptual measure. The last column 
shows the score on the quantitative ﬁnal exam problems. The 
data sets are matched. That is, each student had pre- and 
postinstruction conceptual assessment and ﬁnal exam scores. 
The uncertainty shown with each score is the standard devia­
tion of the mean, �/�N , also called the standard error. This 
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a) Find the increase in the potential energy for the system.
b) Calculate the work done by friction on the block.
c) Find the speed of the block right after impact (before
compression of the spring).
d) Find the original speed of the bullet before impact.
ProblemA
Frank starts from rest and pushes a 10 kg crate up a ramp that is tilted at a 15° angle.
The coefficient of kinetic friction is 0.20. Frank pushes the crate with a horizontal
force P, parallel to the floor. If Frank pushes on the crate with a constant 55 N, how
long does it take the crate to reach a speed of 3.0 mls?
ProblemB
A 5-gram bullet moving with an unknown initial speed is fired =
into and passes through a 2-kg wood block. The exit speed of ---
the bullet is 100 mls. The wood block is initially at rest on the
rough (coefficient of friction equal to 0.20) horizontal surface.
In addition, the block is connected to a spring of force constant
500 N/m. The block moves a distance of 10 cm to the right
after impact (before oscillating back to the left). We are only
concerned with examining the system from before impact to
the maximum compression after impact.
Fig. 1. Sample problems from ﬁnal 
exams of two different quarters. quantity is the appropriate measure for comparing the means 
of two groups. There are no differences on the preinstruction 
score between the studio classes and the traditional classes. 
A. Fall 1998 
In the Fall 1998 quarter, we attempted to minimize any 
possible inﬂuence of the individual instructors by having the 
same three instructors teach both a studio section and a tra­
ditional section. Two of the three instructors had previously 
taught in the studio. The FCI posttest was given as part of the 
ﬁnal exam. 
The results are shown in the top section of Table II. There 
are several noteworthy aspects of this data. Students in the 
studio sections scored signiﬁcantly higher on the conceptual 
test, with nearly twice the normalized gain, and scored an 
average 5 points higher on the quantitative ﬁnal exam prob­
lems. This latter difference is not statistically signiﬁcant. 
The normalized gain for the studio sections is consistent 
with other active-learning courses.19 However, the gain is 
unusually high for the traditional sections. This high gain 
may be because the instructors of the traditional sections also 
taught studio sections, so there could have been some carry­
over from the studio courses, such as an increased emphasis 
on concepts. Or, because the FCI was given for credit as part of the ﬁnal exam, perhaps the students took it more seriously 
and did correspondingly better. However, we have not seen 
this effect repeated and so we believe it may be an anomaly. 
B. Winter 1999 
There were ﬁve studio sections and three traditional sec­
tions. The instructors of the traditional sections were a subset 
of the instructors in the studio and had all previously taught 
in the studio. The FMCE posttest was given during the last 
meeting of the class or lab and did not count toward the 
students’ grades. The ﬁve instructors jointly wrote the com­
mon ﬁnal exam problems. 
The results for this quarter are shown in Table II. In this 
case, the traditional sections scored an average 5 points 
higher on the quantitative ﬁnal exam problems. This differ­
ence of approximately 10% is not statistically signiﬁcant. 
The students in the studio sections again scored much higher 
on the post-FMCE. The difference in normalized gain is ap­
proximately 200%. These conceptual learning gains for both 
the traditional and studio sections are consistent with the 
results of other studies.19  
 
   
  
Table II. Student performance on conceptual understanding and quantitative problem solving. The Force Concept Inventory �FCI� was used to measure 
conceptual understanding in Fall 1998. The Force and Motion Conceptual Evaluation �FMCE� was used in Winter 1999 and Spring 2000. The uncertainties 
are the standard deviation of the mean. 
No. of 
sections 
No. of 
students Pre-FCI �%� Post-FCI �%�
Normalized 
gain 
Problem 
solving �%�
Fall 1998 
Traditional 3 105 
Studio 3 120 
47.2�2.0 68.0�2.1 0.39�0.04 57.6�1.3 
48.9�1.4 79.0�1.4 0.60�0.03 62.6�1.8 
Winter 1999 
Traditional 3 39 
Studio 5 147 
Spring 2000 
Traditional 4 103 
Studio 3 71 
Pre-FMCE 
�%�
Post-FMCE 
�%�
33.5�4.0 49.0�3.8 0.23�0.08 70.9�2.1 
33.0�2.0 76.9�1.8 0.65�0.04 65.4�1.4 
25.9�1.9 41.0�2.6 0.20�0.04 72.7�1.9 
27.8�2.6 75.8�2.6 0.66�0.07 60.7�2.8 
 C. Spring 2000 
The instructors for the studio and traditional sections were 
different. The instructors in the traditional sections had never 
taught in the studio and had no previous experience with 
active-learning techniques. The FMCE posttest was again 
given during the last meeting of class or lab. The traditional 
sections covered more material, through rotational dynamics, 
while the studio sections only introduced rotational kinemat­
ics. The common ﬁnal exam problems �without rotational 
motion� were written by all the instructors involved. 
The results are shown in Table II. This time, students in 
the traditional sections scored an average 12 points higher on 
the quantitative problems than students in the studio sections. 
This difference of approximately 20% is statistically signiﬁ­
cant. However, the studio sections had a normalized gain on 
FMCE that was more than three times that of the traditional 
sections. The normalized gains for the traditional and studio 
sections were again consistent with previous work.19 
V. CONCLUSIONS 
We have reported data for three different quarters in which 
we have compared studio and traditional instruction. Al­
though there are signiﬁcant variations in course characteris­
tics from quarter to quarter, we believe we can identify some 
important trends. 
The ﬁrst is that the studio format promotes large concep­
tual learning gains. Using the FMCE, the average normalized 
gain was 0.65 for the studio sections and 0.21 for the tradi­
tional sections, a roughly 200% improvement in the studio 
sections. This result is consistent with other quarters, not 
reported here, when a common ﬁnal exam was not given. 
Second, any difference in quantitative problem-solving 
ability is much smaller than the difference in conceptual 
learning. The difference between studio sections and tradi­
tional sections was not statistically signiﬁcant in two of the 
three comparison quarters. The 12 point difference in Spring 
2000, a loss of roughly 20% in the studio sections, is statis­
tically signiﬁcant. Although we cannot with certainty pin­
point the reason why one quarter in three revealed a gap in 
problem-solving ability, we note that Spring 2000 was the 
least controlled of the three comparison quarters. Taken to­
gether, the three comparison quarters imply that students in 
the studio sections have, at most, a slight decrease in 
problem-solving ability. 
From these results, we conclude that students must be 
taught both concepts and problem-solving skills explicitly if 
we want students to be proﬁcient at both. An implicit as­
sumption in many traditional-format classes is that students 
will automatically acquire conceptual understanding in the 
process of learning to solve physics problems. Our results, in 
agreement with other studies, show that this is not the case. 
More importantly, we have shown that a course in which 
concepts are explicitly emphasized produces large gains in 
conceptual understanding without signiﬁcantly sacriﬁcing 
students’ quantitative problem-solving ability. 
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